ABSTRACT Recombinant phage genomes made in reactions with purified enzymes may be recovered directly by packaging into phage heads in vitro. Tle process is efficient and nonselective and offers containment in initial stages of handling recombinant DNA. Ligase [poly(deoxyribonucleotide).poly-(deoxyribonucleotide) ligase (AMP-forming), EC 6.5.1.11 reaction products can recombine with endogenous phage DNA during packaging, but UV-irradiation eliminates the biological activity of the endogenous DNA. Hybrid molecules may now be constructed in vitro between DNA fragments from various sources and bacterial plasmids or bacteriophage A DNA (1-8). Since the plasmids and phage DNA are capable of autonomous replication, the recombinant molecules enable DNA fragments to be cloned in bacterial cells. In addition to autonomous replication, the principal requirements of the receptor DNA molecules are that they must be able to infect competent bacteria, that they contain one or a very limited number of targets for the restriction enzyme, that insertion of the new DNA fragment does not destroy a gene essential for the function of the plasmid or phage, and that cells carrying the plasmid or phage can be readily selected and the recombinant plasmids or phage distinguished easily from their parents (9-11). For phage A DNA there is a further constraint in that only molecules in a certain size range can be packaged into a viable virion; some of the DNA must therefore be deleted from inessential regions of the phage genome in order to provide space for the new fragments and the recombinant molecule must have a length between about 75 and 105% of wild-type A DNA (12). The joining of fragments of vector and donor DNA in reactions with polynucleotide ligase [poly(deoxyribonucleotide):poly(deoxyribonucleotide) ligase (AMP-forming), EC 6.5.1.1] usually yields a complex range of products which in practice are seldom fractionated. Instead, the mixtures are used directly to transform (13), or transfect (14), cultures of competent bacterial cells, thus allowing the cell to selectively propagate only those DNA molecules that are viable in this specific host strain.
(deoxyribonucleotide) ligase (AMP-forming), EC 6.5.1.11 reaction products can recombine with endogenous phage DNA during packaging, but UV-irradiation eliminates the biological activity of the endogenous DNA. Hybrid molecules may now be constructed in vitro between DNA fragments from various sources and bacterial plasmids or bacteriophage A DNA (1) (2) (3) (4) (5) (6) (7) (8) . Since the plasmids and phage DNA are capable of autonomous replication, the recombinant molecules enable DNA fragments to be cloned in bacterial cells. In addition to autonomous replication, the principal requirements of the receptor DNA molecules are that they must be able to infect competent bacteria, that they contain one or a very limited number of targets for the restriction enzyme, that insertion of the new DNA fragment does not destroy a gene essential for the function of the plasmid or phage, and that cells carrying the plasmid or phage can be readily selected and the recombinant plasmids or phage distinguished easily from their parents (9) (10) (11) . For phage A DNA there is a further constraint in that only molecules in a certain size range can be packaged into a viable virion; some of the DNA must therefore be deleted from inessential regions of the phage genome in order to provide space for the new fragments and the recombinant molecule must have a length between about 75 and 105% of wild-type A DNA (12) . The joining of fragments of vector and donor DNA in reactions with polynucleotide ligase [poly(deoxyribonucleotide):poly(deoxyribonucleotide) ligase (AMP-forming), EC 6.5.1.1] usually yields a complex range of products which in practice are seldom fractionated. Instead, the mixtures are used directly to transform (13) , or transfect (14) , cultures of competent bacterial cells, thus allowing the cell to selectively propagate only those DNA molecules that are viable in this specific host strain.
Yields of transformed cells, or phage particles, from these procedures are variable. With intact DNA from lambdoid phages the yield of phage particles per ,ug in transfection experiments with E. coli is usually between 104 and 106; the average represents a recovery of less than 1 in 105 of the DNA molecules. With DNA preparations that have been restricted and the fragments rejoined by treatment with polynucleotide ligase, the yield of phage per Mg of DNA in the reaction mixture is usually at least an order of magnitude lower than this.
Other procedures are available for conversion of DNA molecules into phage particles. Of these, the packaging of DNA The costs of publication of this article were defrayed in part by the payment of page charges from funds made available to support the research which is the subject of the article. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. (17, 19) , but if mature linear DNA from another lambdoid phage is added to the reaction mixture, this also becomes packaged (16) . It has been reported that circular, monomeric A DNA, however, cannot be made infective by either transfection (20) or in eitro packaging (16, 19) . In The packaging in Exps. E. col DNA) and reaction with T4 polynucleotide ligase (23, 24) . The solutions were diluted to a DNA concentration (vector molecules) of 5-10 jig/ml and incubated for 3 hr at 100 followed by at least 24 hr at 00 with polynucleotide ligase from E. col infected with phage T4 (Miles Laboratories Ltd., Stoke Poges, Bucks, U.K.), (0.1 unit/ml or 2 ul of the concentrated enzyme preparation per ml of reaction mixture; the optimum concentration was determined experimentally for each batch of enzyme by measuring the restoration of transfection yield of a restriction enzyme digest of a phage DNA with a single target for EcoRI) in a mixture containing 66mM Tris-HCI (pH 7.5), 1 mM EDTA, 10 mM MgCI2, 5 mM dithiothreitol or 10 mM 2-mercaptoethanol, 40 mM NaCl, and 0.1 mM ATP.
Transfection. E. colh 803 supE + suf + r KmK or r Km+K was grown in a poor medium and starved in 0.1 M CaCl2 solution (14) or, most often, grown in L broth, washed in 0.01 M MgSO4 solution, and starved in 0.1 M CaCl2 solution (13) . DNA was usually added to the competent cells to give a final concentration of about 1 Mg/ml and diluted to '/o its original concentration before plating in the case of intact phage DNA; it was added at a concentration of about 0.5 ,g/ml and plated undiluted in the case of restricted DNA solutions. Mixtures from ligase reactions were diluted to a DNA concentration of about 0.5 Mg/ml with 150 mM NaCI/15 mM sodium citrate before they were mixed with the competent cells (two volumes) and these also were plated undiluted.
Packaging. Genomes were packaged in vitro as described (17) (Tables 3 and 4 ) the cells were concentrated about 500-fold in complementation buffer (40 mM Tris-HCl, pH 8.0/10 mM NaN3/10 mM spermidine/10 mM putrescine/0.1% 2-mercaptoethanol/7% dimethyl sulfoxide). UV-irradiated cells (Fig. 1) were concentrated in the same buffer. [At this stage the cells can be prepared for storage or used directly. Samples of [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Ml are distributed in polypropylene or nylon centrifuge tubes (1 ml), frozen rapidly in liquid N2, and stored at -57°or below. When needed, a sample is then transferred in liquid N2 and put on ice; ATP is added to a final concentration of 1.5 Packaging in vitro was performed with UV-irradiated cells (see legend to Fig. 1 for procedure) and phage were plated on E. coli C600.
red-phages do not appear to be at a disadvantage compared to red + phages. More generally, the results of Tables 1 and 2 show little variation in yield attributable to phage genotype. In contrast with these results, Sternberg et al. (27) recently found that partially purified extracts from a different combination of cells preferentially packaged normal sized phage genomes and could thus be made selective for particular classes of recombinants. Also, in several experiments where the system described here was used with a mixture of a receptor genome (having a deletion of about 18%) and its in vitro recombinant, the recombinant was obtained in a noticeably higher yield (about 3-fold) whereas this was not the case with transfections (B. Klein, B. Hohn, and K. Murray, unpublished work).-In any event in vitro packaging of a ligation reaction mixture gives a population of phages that has not been exposed to any of the selective pressures that accompany replication and growth of the phage within host cells. Moreover, since packaging is independent of replication, the recovery of independent DNA molecules out of a mixture is possible. The in vitro packaged phage can be kept indefinitely and scored by any selection method on various host strains whenever needed, but when the phage resulting from the packaging reactions are subsequently propagated they are, of course, subject to the normal factors encountered during growth within host cells. At the stage of recovery of the in vitro recombinant DNA molecules, however, the whole population is probably obtained without appreciable selection.
Recombination during Packaging. Several genetic markers were used to investigate recombination in vitro between the endogenous DNA and the added DNA at three different intervals along the A genome. Table 3 shows that a low level of recombination in the packaging mixture was indeed detected and was more frequent in the central region of the chromosome, possibly due to the action of the phage integration enzyme, which functions in vitro (19, 28, 29) . One of the more useful X vectors has the immunity region of phage 434 substituted for its own; its only EcoRI restriction target is located within the 434 cI gene (i.e., the gene for repressor) (9, 1 1). Insertion of a DNA fragment at this site inactivates the cI gene so that recombinant phages are distinguished from the vector because they form clear plaques. When this vector and donor (E. coli) DNA were restricted with EcoRI and the fragments were joined, recombination with endogenous DNK occurred during packaging. This recombination occurred at a variable efficiency that was sometimes high, but that de- In addition to this degree of containment of the recombinant DNA, the final step in the packaging reactions in vitro includes treatment with chloroform, a procedure that has been recom- Packaging in vitro was performed as described in the legend to Table 1 were each resuspended in M9 medium at an OD600 of 0.3 and distributed in empty sterile petri dishes in 10-ml portions. UV irradiation and all subsequent handling was performed in a darkroom, with the UV lamp (Westinghouse Sterilamp) as the only light source. At various time intervals after irradiation at a 50-cm distance, the phage titer was determined and the packaging cells were concentrated by centrifugation. Packaging in vitro was carried out as described in the text, using Ac1857 Sam7 DNA as the exogenous DNA. Plating was on Ymel(A) for phage that had packaged endogenous DNA and on Ymel (Ximm434) for phage containing the DNA provided exogenously (25) . 0, Free phage; A, endogenous DNA packaged; 0, exogenous DNA packaged.
proved to be preferable because introduction of recombination deficiencies into host and prophage of the strains used for packaging reduced the efficiency of in vitro packaging by a factor of 2 to 5 (B. Hohn, unpublished work). Extensive irradiation of recombination-proficient packaging cells with UV light prior to use in the in vitro packaging reactions did not reduce their efficiency for packaging exogenous DNA, but greatly reduced the yield of endogenous DNA, either packaged or as free phage (Fig. 1) 
